Spider peptide toxins have attracted attention because of their ability to target voltage-gated ion channels, which are involved in several pathologies including chronic pain and some cardiovascular conditions. A class of these peptides acts by modulating the gating mechanism of voltage-gated ion channels and are thus called gating modifier toxins (GMTs). In addition to their interactions with voltagegated ion channels, some GMTs have affinity for lipid bilayers. This review discusses the potential importance of the cell membrane on the mode of action of GMTs. We propose that peptideemembrane interactions can anchor GMTs at the cell surface, thereby increasing GMT concentration in the vicinity of the channel binding site. We also propose that modulating peptideemembrane interactions might be useful for increasing the therapeutic potential of spider toxins. Furthermore, we explore the advantages and limitations of the methodologies currently used to examine peptideemembrane interactions. Although GMTelipid membrane binding does not appear to be a requirement for the activity of all GMTs, it is an important feature, and future studies with GMTs should consider the trimolecular peptideelipid membraneechannel complex.
Introduction
Voltage-gated ion channels are transmembrane proteins that are involved in almost all aspects of human physiology and many of these channels have been validated as therapeutic targets for conditions such as neuropathic and chronic pain, irritable bowel syndrome, cardiovascular disease and epilepsy (Catterall, 2012; Dib-Hajj et al., 2010; Kwong and Carr, 2015; Lewis et al., 2015; Osteen et al., 2016) . The development of pharmaceutical modulators for voltage-gated ion channels is therefore an area of great interest (Ahuja et al., 2015; Flinspach et al., 2017; Murray et al., 2015b; Revell et al., 2013; Shcherbatko et al., 2016) . Peptide toxins extracted from animal venoms are a particularly important class of ion channel inhibitors because they have shown a naturally high potency and relative selectivity for a range of therapeutically relevant voltage-gated ion channels (Kwong and Carr, 2015; Lewis et al., 2015; Osteen et al., 2016) .
Gating modifier toxins (GMTs) are a class of venom peptides that derive their name from the mechanism by which the toxins modify the kinetics and gating behavior of voltage-gated ion channels (Catterall et al., 2007) . GMTs can be extracted from the venoms of various animals including spiders, cone snails and scorpions (Catterall et al., 2007) ; however, this review will focus on spiderderived GMTs. Some GMTs have been shown to bind to lipid membranes (Table 1) Jung et al., 2010; Lau et al., 2016; Milescu et al., 2007) , and a correlation has been drawn between GMT lipid binding and the affinity and inhibitory potency of some of these toxins to voltage-gated ion channels (Agwa et al., 2017; Henriques et al., 2016; Lau et al., 2016; Revell Phillips et al., 2005; Salari et al., 2016) . GMTs are therefore excellent tools to study the emerging trimolecular complex involving peptide ligands, voltage-gated ion channels, and the lipid membranes surrounding these channels. This review examines the interplay between GMT structure, interactions with voltage-gated ion channels and interactions with lipid membranes.
Gating modifier toxin structure
GMTs typically contain an inhibitory cysteine knot (ICK) motif characterized by twoethree anti-parallel b-sheets stabilized by three disulfide bridges with Cys1eCys4, Cys2eCys5 and Cys3eCys6 connectivity Pallaghy et al., 1994) , as illustrated in Fig. 1A by ProTx-II, SgTx-1, VsTx-1 and HwTx-IV. Notably, antiparallel beta sheets are not always present in the secondary structures of the GMTs (e.g. ProTx-II and HwTx-IV, Fig. 1A ) due to variation in the size of the interconnecting loops Minassian et al., 2013) ; however the conserved cysteine knot connectivity renders stability to these types of peptides Pallaghy et al., 1994 ). An additional conserved structural feature is the folding of these peptides to form an amphipathic surface profile consisting of a hydrophobic patch surrounded by a charged ring of amino acid residues ( Fig. 1B) (Jung et al., 2005; King et al., 2002; Takahashi et al., 2000a; Xiao et al., 2008b) . The amino acid residues forming the hydrophobic patch and charged ring include Trp, Tyr and Lys, which are often involved in peptideelipid bilayer binding (Killian and von Heijne, 2000) (for sequences, see Fig. 1C ), therefore the conserved hydrophobic patch and charged ring may confer GMTs with affinity for lipid membranes in addition to interactions with the voltage-gated ion channels.
Voltage-gated ion channel structures: a basis for understanding the mechanism of action of gating modifier toxins
Voltage-gated ion channels share similar structural features thus the structures of voltage-gated potassium (K V ) and voltagegated sodium (Na V ) channels will be reviewed as representatives of this diverse family of transmembrane proteins. K V s and Na V s comprise four domains (domain Iedomain IV) (Catterall, 2010; Noda et al., 1986; Noda and Numa, 1987) with each domain comprising six transmembrane helical segments (S1eS6) ( Fig. 2A) . Whereas each K V domain exists as a homotetramer, Na V s possess intra-and extra-cellular loops of various lengths and posttranslational modifications that connect the four domains to form a heterotetramer ( Fig. 2AeC) (Catterall, 2010; Guy and Seetharamulu, 1986; Jiang et al., 2003; Long et al., 2005; Papazian et al., 1987; Payandeh et al., 2012) . In each domain, segments S1eS4 are classified as the voltage sensor domain (VSD) whereas segments S5 and S6 form the pore domain (Fig. 2B and C) (Catterall, 2010; Guy and Seetharamulu, 1986; Jiang et al., 2003; Long et al., 2005; Papazian et al., 1987; Payandeh et al., 2012) .
During channel activation, cations on the extracellular side of the membrane create a positive potential, which is detected by a portion of the VSD known as the paddle motif (S3beS4) (Fig. 2D ) (Armstrong and Bezanilla, 1974; Catterall, 2010) . The VSDs of domain Iedomain III control the movement of the paddle motif such that the paddle moves to open an activation gate and allow the inward conduction of ions through the pore (S5eS6 of domain Iedomain IV). Following channel activation some of the voltagegated ion channels can self-inactivate when the VSD of domain IV closes an inactivation gate to prevent further entry of ions (Bezanilla, 2000 (Bezanilla, , 2002 Bosmans et al., 2008; Hille, 2001) . GMTs alter the kinetics, gating mechanisms and relative stability of the closed, open and inactivated states of the channels by modulating the motion of the paddle motif as it translocates through the membrane (Bosmans and Swartz, 2010; Ruta et al., 2003; MacKinnon, 1995, 1997a, b) .
Specific interactions between gating modifier toxins and voltage-gated ion channels
The pharmacological effect of GMTs on voltage-gated ion channels has been studied using structure activity relationship (SAR) studies using peptide analogues and novel techniques like multiple attribute positional scanning (Lau et al., 2016; Li et al., 2004; Liu et al., 2012; Minassian et al., 2013; Murray et al., 2015b Murray et al., , 2016 Murray et al., , 2015c Revell et al., 2013; Wang et al., 2004) .
The pharmacology of GMTs has also been examined using voltage-gated ion channel chimeras where components of one channel are introduced onto a second channel (Bosmans et al., 2008; Liu et al., 2013; Murray et al., 2015a) . Bosmans et al. (2008) , designed a chimera channel consisting of the rat Positioned at a shallow position in POPC/POPG (1:1) (Revell Phillips et al., 2005) GsMTx-4 (Salari et al., 2016) a Trp fluorescence emission of peptides is followed in the presence or absence of lipids, an increase in quantum yield and leftward (blue) shift in the emission spectrum indicates that Trp residues are partitioning into more hydrophobic environments. b Trp fluorescence emission of peptide/lipid suspension is followed in the presence or absence of a quencher, to monitor the depth to which the Trp residues insert into the lipid vesicles. c Changes to the membrane dipolar potential in the presence of a peptide are followed by monitoring the excitation spectrum of di-8-ANEPPS dye. d Membrane depolarization of cell membranes in the presence of peptides is monitored using fluorescence resonance energy transfer between nitrobenzoxadiazol-labelled membranes and DisBaC 2 dye. e Lipid mixtures are in molar ratios. f C1P, ceramide-1-phosphate; Cer-P, Ceramide-phosphate; CHOL, cholesterol; DHPC, 1,2-diheptanoyl-sn-glycero-3-phosphocholine; DOPG, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoylsn-glycero-3-phosphoglycerol; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; SM, sphingomyelin.
potassium channel, K V 2.1, and each of the paddle motifs from domain Iedomain IV of the rat sodium channel, Na V 1.2 (Bosmans et al., 2008) . This study demonstrated that the mechanism of action of GMTs is dictated by the site on the voltage-gated ion channels to which the peptides bind. The authors found that GMTs able to bind to both domain II and domain IV (e.g. ProTx-II and ProTx-I), impaired channel activation, whereas GMTs (e.g. SgTx-1) that had affinity only for domain IV, impaired channel inactivation (Bosmans et al., 2008) . GMT mechanism of action may however be more complex and peptide specific as was evident when ProTx-II inhibited both activation and inactivation of Na V 1.7 even though the peptide is not selective to domain IV (Xiao et al., 2010) . In addition to intra-channel promiscuity, mutagenesis studies on voltage-gated ion channels show that GMTs bind to similar restricted residue positions on different channels (Lau et al., 2016; Li-Smerin and Swartz, 1998; Revell Phillips et al., 2005; Swartz and MacKinnon, 1997b; Xiao et al., 2010) . These restricted positions comprise conserved hydrophobic and acidic residues on the different voltage-gated ion channels, which aligns well with the overall positive charge and hydrophobic patch on the structures of the GMTs (Fig. 3A) (Li-Smerin and Swartz, 1998; Schmalhofer et al., 2008; Swartz and MacKinnon, 1997b; Xiao et al., 2010) . For instance, HaTx-1 is a K V 2.1 inhibitor that forms interactions with the hydrophobic Ile273 and Phe274 and the anionic Glu277 located on transmembrane portion of S3b on domain II of the channel (Swartz and MacKinnon, 1997b) . Likewise, ProTx-II forms key interactions with Phe813 on the distal transmembrane portion of S3b, and with Glu818 on the extracellular S3eS4 loop on domain II of Na V 1.7 (Schmalhofer et al., 2008; Xiao et al., 2010) , whereas HwTx-IV, another Na V 1.7 inhibitor, interacts with Glu811 on the distal transmembrane portion of S3b, and with Leu814, Asp816 and Glu818 on the extracellular S3eS4 loop on domain II (Xiao et al., 2008a (Xiao et al., , 2010 (Xiao et al., , 2011 .
In silico docking studies on HwTx-IV and HnTx-IV, two Na V 1.7 inhibitors, led to the proposition that the GMTs recognize the 3D-conformation on their targets rather than specific residues. This hypothesis resulted from the observation that both toxins inserted in the groove between the loops of S1eS2 and S3eS4 on Na V 1.7 (Cai et al., 2015; Lau et al., 2016; Minassian et al., 2013) ; and ProTx-II (PDB ID: 2N9T) used to represent a binding mode where the GMT interacts with the channel and the membrane whilst interacting mainly with the S3eS4 loop (Agwa et al., 2017; Deplazes et al., 2016; Henriques et al., 2016; Revell Phillips et al., 2005) . (C) The proposed overlapping channel binding and membrane binding region of SgTx-1 (PDB ID: 1LA4) (purple) is shown (Jung et al., 2010; Milescu et al., 2007) . (D) The residues that have been proposed to be relevant for the membrane binding of ProTx-II (PDB ID: 2N9T) form a membrane binding region (green), which is distinct from the residues that are involved in binding to the channel (gold) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) domain II (Cai et al., 2015; Minassian et al., 2013) . This binding mode places the peptides in a cleft between S2eS3 and S1eS4 allowing GMTs to bind to both the voltage-gated ion channels and the lipid membrane ( Fig. 3B) (Cai et al., 2015; Lau et al., 2016; Minassian et al., 2013) .
Gating modifier toxins and lipid membrane interactions
2.1. VsTx-1: the lipid membrane can act as an anchor for gating modifier toxins in their interactions with voltage-gated ion channels Studies on VsTx-1 contributed to the initial evidence that some GMTs interact with lipid bilayers (Lee and MacKinnon, 2004) . The authors noted that VsTx-1 had weaker affinity for K V AP, a bacterial potassium channel, when K V AP had been extracted from the membrane using detergent, compared to when the channel was embedded in the membrane (Lee and MacKinnon, 2004) . When VsTx-1 was incubated with model lipid membranes and centrifuged in a spin-down assay, the GMT was observed to coprecipitate with the model membranes comprising 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) (3:1 M ratio) (see Table 1 ). The spectral properties of Trp residues in peptides is dependent on the local environment (aqueous or surrounded by lipid) of the peptide, therefore if the Trp residues are inserted into model membranes, the fluorescence emission spectrum of the peptide is expected to show a change in the quantum yield as well as a shift towards shorter wavelengths (blue shift) (Henriques et al., 2012; Lakowicz, 2006) . Studies following the VsTx-1 Trp fluorescence emission upon titration with POPE/POPG (3:1 M ratio) model membranes showed both an increase in the fluorescence quantum yield and a blue shift of the fluorescence emission spectra, suggesting that the Trp residues of VsTx-1 insert into the lipid membranes. Similar results were obtained when the GMT was studied in model membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/POPG (1:1 M ratio) (Lee and MacKinnon, 2004; Mihailescu et al., 2014) . Together, these results suggested that the discrepancy in GMTeK V AP binding with and without membranes was because the lipid membranes provide an excess of free energy of partitioning. The study further proposed a step-wise mechanism of GMT action where the toxin binds first to the membrane then, being concentrated there, is enabled to increase the frequency and apparent affinity of interaction with the paddle motif. A recent study also suggested that the ability of VsTx-1 to interact with the lipid membranes further improves its affinity for the K V AP VSD (Lau et al., 2016) .
NMR chemical shift mapping is a technique used to monitor the local environment of a peptide ligand upon its interaction with its target (Bieri et al., 2011; Lau et al., 2016) , and was used to examine the interaction of VsTx-1 with the K V AP VSD (Lau et al., 2016) . The K V AP VSD was stabilized in a 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) micelle and chemical shift changes observed in the 2D 1 H-15 N HSQC spectra of the K V AP VSD were studied in the presence and absence of VsTx-1 to identify residues to which the GMT interacts with. Residues on the extracellular loops of S1eS2 and S3eS4 of the K V AP VSD showed the largest peak broadening and losses in peak intensity upon addition of VsTx-1 and were identified as the VsTx-1 binding site (Lau et al., 2016) . The importance of the hydrophobic patch of VsTx-1 in interactions with lipid membranes was confirmed using NMR chemical shift mapping in DHPC model membranes which showed that the VsTx-1 residues with the largest chemical shift changes belonged to the conserved amphipathic GMT motif. Furthermore, analogues of VsTx-1 containing mutations to the hydrophobic patch and charged ring were compared using centrifuge spin-down assays in POPG model membranes and showed that both the hydrophobic patch and the charged ring of VsTx-1 were involved in interactions with lipid membranes (Lau et al., 2016) . Complementary in silico docking studies of VsTx-1 to the VSD of K V AP, outlined that when the GMT binds between loops S1eS2 and S3eS4 of the VSD, VsTx-1 is oriented to form interactions with the VSD in a way similar to that proposed earlier for HwTx-IV and HnTx-IV (Cai et al., 2015; Minassian et al., 2013) . In this spatial orientation, the hydrophobic patch of VsTx-1 is proposed to be placed in a lipid filled cavity formed between S2eS3 and S1eS4 ( Fig. 3B ) (Lau et al., 2016) . This model suggests that the membrane anchors the peptide in the interaction between VsTx-1 and K V AP, and that the specific arrangement of the residues of the GMTs is important for both channel and lipid membrane interactions.
2.2. SgTx-1: the amphipathic structure of gating modifier toxins promotes electrostatic interactions with the lipid membrane SgTx-1 is a GMT initially identified as an inhibitor of the rat potassium channel, K V 2.1 (Marvin et al., 1999; Wang et al., 2004) . There is an overlap between the SgTx-1 amino acid residues that bind to the channel and those that interact with lipid membranes (Milescu et al., 2007; Wang et al., 2004) . Specifically, residues Arg3, Tyr4, Leu5, Phe6, Arg22 and Trp30 were initially identified as important for interactions with K V 2.1 , and later as important for interactions with model membranes (Fig. 3C ) (Milescu et al., 2007) . These findings support a binding mode where overlapping residues on SgTx-1 interact with the membrane and the channel at the same time ( Fig. 3B and C ). An alternative theory is that some GMTs bind to the membrane with a membrane interaction face and to the channel with a distinct channel binding face (Fig. 3B, D) (Agwa et al., 2017; Deplazes et al., 2016; Henriques et al., 2016) . Molecular dynamic studies on ProTx-I and ProTx-II suggest that these peptides bind to lipid membranes with a region of the GMT distinct from the channel interaction region on the peptides Henriques et al., 2016) . These findings place ProTx-I and ProTx-II in a more surface exposed location of the channel when compared to the binding mode suggested for HwTx-IV, HnTx-IV and VsTx-1 (Cai et al., 2015; Lau et al., 2016; Minassian et al., 2013) , whilst still allowing for key interactions with channel residues on the extracellular S1eS2 and S3eS4 loops (Fig. 3B) Henriques et al., 2016) . This binding mode was also proposed in earlier studies on HaTx-I (Revell Phillips et al., 2005) , and more recently for gHwTx-IV, a mutant of HwTx-IV (Agwa et al., 2017) . Both binding modes suggest that GMTs adopt a shallow location in lipid membranes.
Quenchers of peptide Trp fluorescence such as, acrylamide, bromine and 5-and 16-doxy stearic acid adopt different locations within the lipid bilayer and can be used to determine the depth to which peptides insert into model membranes. Quenchers can also be covalently linked to varying positions on the acyl chains of the phospholipid forming lipid bilayers to determine the depth of peptide insertion (Henriques et al., 2012; Lakowicz, 2006; Revell Phillips et al., 2005; Torcato et al., 2013) . To determine the depth to which the Trp30 residue of SgTx-1 interacts with the membrane, phospholipids containing bromine at different lengths along the acyl chains of the lipids were used in the preparation of model membranes composed of POPC/POPG (1:1 M ratio) (see Table 1 ). Bromine was used as a quencher of the Trp fluorescence and the study determined that the fluorescence emission from Trp30 on SgTx-1 was quenched when the bromine was localized at a depth of about 9 Å from the centre of the model membranes (Jung et al., 2010) . This shallow location in the membrane has also been seen for VsTx-1 and HaTx-1 in anionic lipid membranes (Mihailescu et al., 2014; Revell Phillips et al., 2005) .
The orientation of specific residues on SgTx-1 during interactions between the GMT and model membranes was further studied using NMR transferred cross-saturation (NMR-TCS) experiments. In these experiments irradiation was applied to POPC model membranes causing a saturation of the resonances from the phospholipids due to spin diffusion. The saturation was then transferred to the residues on uniformly labelled 2 H-15 N SgTx-1 that form the peptideelipid vesicle interface (Jung et al., 2010; Nakanishi et al., 2002; Takahashi et al., 2000b) . The experiments showed that SgTx-1 residues forming the hydrophobic patch interacted with hydrophobic core of the lipid bilayer and that this orientation placed the GMT such that residues forming the charged ring would interact with the phospholipid head-groups of the lipid bilayer (Jung et al., 2010) . Binding of SgTx-1 to the surface of lipid bilayers suggests that GMTelipid interactions are governed by electrostatic interactions between the peptides and the phospholipid head-groups. The importance of electrostatic interactions is supported by an improved interaction with anionic compared to zwitterionic model membranes as well as through stronger interactions with lipid bilayers prepared using buffers of low ionic strength compared to buffers of higher ionic strength (Milescu et al., 2007) . If GMTs are to be used as pharmacological tools, it is therefore relevant to determine whether the electrostatic interactions between these toxins and the lipid membrane can be exploited to optimize the inhibitory potency of the peptides at the voltage-gated ion channels.
ProTx-I and ProTx-II: exploiting electrostatic interactions to increase potency of gating modifier toxins
ProTx-I and ProTx-II have also been shown to interact preferentially with anionic lipid bilayers via electrostatic interactions Henriques et al., 2016) . Both studies used surface plasmon resonance (SPR) to examine peptideemembrane binding experiments, where lipid bilayers were immobilized onto a chip, and a range of concentrations of the peptide of interest was injected onto the lipid bilayers such that affinity was calculated from the amount of peptide bound to the model membrane at the end of the association phase (Cooper et al., 2000; Henriques et al., 2008 Henriques et al., , 2012 . SPR was used for analysis of the binding kinetics of both ProTx-I and ProTx-II on lipid bilayers with varying properties including fluid zwitterionic POPC and anionic POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) (4:1 M ratio) (see Table 1 ). ProTx-II was also studied in several lipid systems including rigid, raft-like model membranes comprising the zwitterionic POPC/sphingomyelin (SM)/Cholesterol (2.4:3.3:4 M ratio) and anionic POPC/ceramide-1-phosphate (C1P) (3:2 M ratio) . Both studies determined that the peptides had slower dissociation rates when interacting with anionic compared to zwitterionic lipid bilayers regardless of the fluidity of the model membranes tested Henriques et al., 2016) . The preferential interaction between ProTx-II and anionic lipid bilayers has been shown in additional studies, supporting the theory that electrostatic interactions are important for the interaction of this GMT with lipid bilayers (Smith et al., 2005; Xiao et al., 2008b) .
To show that ProTx-I and ProTx-II adopt shallow positions on the lipid bilayers, the ability of the peptides to cause changes in the membrane dipole potential was studied Henriques et al., 2016) . The membrane dipole potential arises from the sum of the polar head-groups and ester carbonyl regions of the phospholipids and is dependent on the arrangement of the dipoles at the water/lipid interface (Henriques et al., 2008; Matos et al., 2010) . If a peptide perturbs the lipid bilayer, the arrangement of the phospholipid bilayer is disturbed and this can be detected by following changes in the fluorescence excitation properties of di-8-ANNEPS, a membrane dipole potential probe. An increase in membrane dipole potential typically results in a blue shift in the fluorescence excitation maximum of di-8-ANNEPS, whereas if a peptide causes a decrease in the membrane dipole potential, this will be evidenced as a red shift in the fluorescence excitation maximum of di-8-ANNEPS (Henriques et al., 2008; Matos et al., 2010) . Neither ProTx-I nor ProTx-II caused considerable changes in the membrane dipole potential of POPC/POPS (4:1 M ratio) lipid bilayers (see Table 1 ), providing further evidence for a shallow positioning of the peptide toxins in the lipid membrane Henriques et al., 2016) .
Despite the shallow positioning of ProTx-II in the lipid membrane, a correlation between membrane interactions and potency of ProTx-II at Na V 1.7 has been observed . Mutants of ProTx-II were designed to investigate the role of Trp and Lys amino acid residues in lipid membrane interactions and analogues in which Trp residues were replaced with Tyr showed both a decrease in lipid affinity and a decrease in the potency of the peptides on inhibition of Na V 1.7, whereas a [Glu17Lys]ProTx-II mutation showed a comparable potency to the wild type sequence of ProTx-II in addition to stronger affinity to lipid membranes . A positive correlation between membrane interactions and inhibitory potency of ProTx-II has also been found for the interaction of this peptide with voltage-gated calcium channels (Salari et al., 2016) , and for the inhibition of Na V 1.7 by gHwTx-IV (Agwa et al., 2017) . These findings raise the interesting possibility that increasing membrane binding of GMTs can be used as a strategy to increase the potency of these peptides as inhibitors of the voltage-gated ion channels.
HwTx-IV and Hd1a: membrane binding is not a prerequisite for potent inhibition of voltage-gated ion channels
Despite the findings that several GMTs show affinity for lipid membranes, some GMTs have been shown not to have strong interactions with the lipid membrane (Agwa et al., 2017; Deplazes et al., 2016; Posokhov et al., 2007; Xiao et al., 2008b) . HwTx-IV and Hd1a are two examples of GMTs with potent inhibitory activity at Na V 1.7 that have been shown not to have strong interactions with lipid bilayers (IC 50 values of HwTx-IV and Hd1a are 26 nM and 115 nM, respectively) (Klint et al., 2015; Xiao et al., 2008a) . HwTx-IV failed to co-precipitate with anionic POPE/POPG (3:1 M ratio) and zwitterionic POPC lipid bilayers in centrifuge spin-down assays (Xiao et al., 2008b) ; furthermore, the peptide showed minimal binding to various lipid bilayers when studied using SPR and upon following Trp emission of the peptide toxin using fluorescence spectroscopy (see Table 1 ) (Agwa et al., 2017) . Similarly, SPR sensorgrams of Hd1a showed a low binding maximum accompanied by a fast dissociation rate from anionic POPC/POPS (4:1 M ratio) and zwitterionic POPC lipid bilayers . The absence of considerable lipid interactions in both neutrally charged and negatively charged lipid bilayers in these three studies indicate GMTs are capable of potent inhibition of voltage-gate ion channels in the absence of strong membrane binding (Agwa et al., 2017; Deplazes et al., 2016; Xiao et al., 2008b) . Therefore the shared hydrophobic patch and charged ring of native GMTs do not necessarily facilitate membrane binding.
Possible effects on selectivity arising from increasing GMTelipid membrane binding
A major limitation to the use of GMTs as therapeutic leads is that these toxins show promiscuous interactions with various types and subtypes of the voltage-gated ion channels (Bosmans et al., 2006; Bosmans and Swartz, 2010; Middleton et al., 2002) . Little has been done to delineate the possibility of modulating ion channel subtype selectivity of the GMTs by altering peptideelipid membrane binding. There are two possible scenarios; firstly, engineering peptides to increase overall lipid membrane binding could result in peptides with even higher voltage-gated ion channel subtype promiscuity. This would occur as a result of peptides accumulating close to and binding to membranes related to undesired transmembrane proteins and leading to unwanted downstream effects. Secondly, increasing the lipid interactions of the GMTs could act to augment their specificity for a voltage-gated ion channel of interest resulting in a more selective as well as a more potent modulator of the voltage-gated ion channel. Though several recent efforts have been directed towards the development of selective analogues of GMTs (Flinspach et al., 2017; Murray et al., 2015b Murray et al., , 2016 Park et al., 2014; Revell et al., 2013; Shcherbatko et al., 2016) , the relationship between membrane interactions and selectivity of the GMTs remains to be explored and the methodology required to study these interactions in greater detail is still being developed.
Choice of model membranes for the study of gating modifier toxins and their interactions with the lipid membrane
The choice of model membranes for the study of the trimolecular complex is important and is dependent on the methodology used. For instance, giant and large unilamellar vesicles (GUVs and LUVs) are liposomes that have been used in centrifuge spin-down assays and fluorescence spectroscopic experiments because these vesicles have large diameters that create a relatively planar surface for the study of the peptides as they interact with lipids (Fig. 4) (Henriques et al., 2009; Ladokhin et al., 2000) . Small unilamellar vesicles (SUVs) are used in SPR experiments because their small diameters create a curvature strain that allows for their fusion and deposition in the form of lipid bilayers on the sensor chips (Fig. 4) (Agwa et al., 2017; Deplazes et al., 2016; Henriques et al., 2009 Henriques et al., , 2016 Ladokhin et al., 2000) .
Micelles were used to stabilize the K V AP VSD in the recent NMR study on VsTx-1 (Fig. 4) (Lau et al., 2016) . Disadvantages of micelles are that these spherical aggregates do not provide a planar surface with the distinct water/lipid interface and hydrophobic core that is typical of physiologically relevant lipid bilayers. Furthermore, micelles are formed using detergent and peptide interactions studied using these model membranes may therefore be skewed because of the solubility of the peptides in the detergent (Bayburt and Sligar, 2010; D€ orr et al., 2016) .
Recent advances in the formation of nanodiscs make these model membranes a stable system for the study of the trimolecular complex (D€ orr et al., 2016; Gao et al., 2016; Shenkarev et al., 2014) . Nanodiscs are portions of bilayer phospholipids stabilized by a beltlike membrane scaffold protein (MSP) or copolymers like stearic maleic acid (SMA) (Fig. 4) (Bayburt and Sligar, 2010; D€ orr et al., 2016) . Transmembrane proteins can be embedded in nanodiscs allowing for the study of these proteins and their ligands in more physiologically relevant oligomeric protein states in the absence of detergent Sligar, 2003, 2010; D€ orr et al., 2016; Leitz et al., 2006; Whorton et al., 2007) . Furthermore, the size of the nanodiscs can be adjusted by modifying the size of the stabilizing membrane scaffold peptide or copolymer (Bayburt and Sligar, 2010; D€ orr et al., 2016) . Additionally, nanodiscs allow for accessibility of the extracellular and intracellular domains of the transmembrane proteins which allows their immobilization of the nanodisc onto SPR sensor chips and other surfaces (Gluck et al., 2011) .
Choice of physiologically relevant lipids for the formation of model membranes
K V s, Na V s and additional ion channels targeted by GMTs are embedded in axons, which transmit electrical signals (Vabnick et al., 1996 (Vabnick et al., , 1999 ; thus the lipids forming the plasma membrane of the axon are relevant to the study of GMTelipid membrane interactions. Table 2 shows the relative proportions of the lipids of the plasma membrane of a human axon as well as the lipids from the oocytes of Xenopus laevis which are model cells used for electrophysiological measurements on voltage-gated ion channels (DeVries, 1984; Opekarov a and Tanner, 2003; Stith et al., 2000) .
Phospholipids containing phosphatidylcholine (PC) headgroups are zwitterionic and are the most abundant type of phospholipid in the plasma membranes of most eukaryotic cells (Table 2) (Stith et al., 2000; van Meer and de Kroon, 2011) . Therefore, model membranes containing PC-phospholipids have been used to study interactions of GMTs with lipid bilayers. Phospholipids containing phosphatidylethanolamine (PE) head-groups are also zwitterionic and though PE-phospholipids are more abundant than PC-phospholipids in the overall membrane composition of human axonal cells (Table 2) (DeVries, 1984) , PE-phospholipids are primarily distributed to the inner leaflet of plasma membranes where they are involved in the formation of vesicles for the processes of endocytosis (van Meer and de Kroon, 2011; van Meer et al., 2008) . Therefore, the use of lower concentrations of PEphospholipids with respect to PC-phospholipids would represent more physiologically relevant model membranes when studying peptides like GMTs, which appear to adopt a shallow positioning in the outer leaflet of the lipid membrane.
Phospholipids containing a phosphatidylglycerol (PG) head group are anionic, and found in bacterial cell membranes and therefore studies relating to GMTs that inhibit K V AP, a bacterial potassium channel, can justify the use of this anionic phospholipid in their studies (Jung et al., 2005; Lau et al., 2016; Lee and MacKinnon, 2004; Mihailescu et al., 2014) . However eukaryotic cells only have PG-phospholipids in the mitochondria (van Meer et al., 2008) and PG-phospholipids are therefore less physiologically relevant to studies involving GMTs that inhibit eukaryotic Na V s and K V s. Phospholipids containing a phosphatidylserine (PS) head-group form anionic signaling phospholipids and are mostly found in the inner leaflet of the membrane bilayer of eukaryotic cells. The presence of PS-phospholipids in the outer leaflet of a cell membrane is a signal to trigger cell apoptosis (van Meer and de Kroon, 2011). Studies that have used PS-and PG-phospholipids have conferred an artificial ability of the positively charged GMTs to have a higher affinity for the anionic model membranes compared to neutral model membranes made from PCphospholipids and many of these studies have used this as evidence for electrostatic interactions between the peptide toxins and the lipid membrane (Agwa et al., 2017; Bae et al., 2016; Berkut et al., 2015; Deplazes et al., 2016; Henriques et al., 2016; Milescu et al., 2007; Posokhov et al., 2007; Salari et al., 2016; Smith et al., 2005; Xiao et al., 2008b) . This raises the question of whether or not the trimolecular complex involving GMTs, the voltage-gated ion channels and the lipid membrane is real. The next sub-section examines compelling reasons to continue to investigate the trimolecular complex.
Why study the trimolecular complex?
Despite criticism of the use of PS-and PG-phospholipids to show interactions between the GMTs and the lipid bilayer in the studies thus far, the outer leaflet of eukaryotic cell membranes is not entirely zwitterionic, there are several anionic charged moieties including the sugar moieties of glycosphingolipids (Gennis, 1989; van Meer et al., 2008) . Therefore, the use of phospholipids containing PS and PG head-groups can be used to represent an artificial anionic contribution to the overall charge of the outer leaflet of the cell membrane. Secondly, the in silico docking studies of HwTx-IV and HnTx-IV and the recent NMR analysis of VsTx-1 suggest that these GMTs are located in a portion of the VSD that allows for interactions between the peptide toxins and the lipid membrane and therefore studies should examine the three components of the trimolecular complex concomitantly before a definitive conclusion can be made (Cai et Additional evidence to support the need for studies on the three components of the trimolecular complex comes from work by Milescu et al. (2009) . Milescu and colleagues studied an enzyme, sphingomylelinase D (SMase D), which hydrolyses SM, a zwitterionic lipid, to anionic C1P (Milescu et al., 2009; Palsdottir and Hunte, 2004) . The VSDs of various voltage-gated ion channels were studied as chimeras of K V 2.1, and it was observed that SMaseD modified the behavior of each VSD differently (Milescu et al., 2009 ). To examine the pharmacology of this phenomenon, the ability of a ProTx-I, VsTx-1 and GxTx-1E to detect changes in the lipid from SM to C1P was studied. The study showed that each GMT studied had an apparent increase in affinity to its VSD in the presence of SMaseD. Furthermore, they determined that when two different domains of Na V channels (domain II and domain IV) were compared to each other by studying the same toxin inhibitor, ProTx-I, there was a considerable difference in increase in affinity. This indicated that ProTx-I was capable of detecting different interactions of the lipids to the VSD and highlights the importance of studying the three molecules of the trimolecular complex together (Milescu et al., 2009 ).
Methods used in the study of the trimolecular complex and outlook for future directions
Many of the methods currently used to study the relationship between GMTs and the lipid membrane lack the sensitivity required to fully delineate intimate binding events between the peptides and the lipid membranes to provide us with an overall picture of the potential molecular interactions taking place. As increasingly sensitive methodologies are being developed including 3D and 4D NMR and cryo-electron microscopy (cryo-EM), we expect a more detailed picture to emerge over the next few years including the complete trimolecular complex and not just the peptideelipid membrane or peptideechannel interactions. A brief summary of current methodologies, their advantages and disadvantages follows.
Centrifuge spin-down assays
Centrifuge spin-down assays involve the incubation of peptides with model membranes, spinning down the suspension and using analytical reversed-phase high performance liquid chromatography to quantify the amount of peptide left in the supernatant as a measure of the extent to which the peptide has bound to the lipid (DeVries, 1984) . d (Stith et al., 2000) . (Fig. 5A ). Spin-down assays have been used in several studies between GMTs and lipid membranes (Lau et al., 2016; Lee and MacKinnon, 2004; Milescu et al., 2007; Smith et al., 2005; Suchyna et al., 2004; Xiao et al., 2008b) . The advantage of centrifuge spin-down assays is that they provide a quick screening method to determine whether or not the GMTs are combined with the model membranes in the pellet of the suspension. However, this method assumes that the absence of the peptides in the supernatant following centrifugation is evidence that the peptide is bound to the lipid bilayers. In reality, artificial co-precipitation of peptide molecules with the lipids following centrifugation might occur as a result of liposome disruption and/or aggregation, and not necessarily through interactions of the peptide molecules with stable lipid membranes. Thus using techniques such as fluorescence spectroscopy or SPR to study peptideelipid interactions would be preferable to avoid artifacts.
Surface plasmon resonance
More recently, SPR has been used to screen for the presence or absence of interactions between GMTs and model membranes (Agwa et al., 2017; Deplazes et al., 2016; Henriques et al., 2016) . SPR experiments involve deposition of lipid bilayers onto the surface of an L1 sensor chip, peptides are then injected onto the lipid bilayer surface and the time-dependent binding of the peptides to the lipid bilayers is measured by an increase in the refractive index on the surface of the sensor chip. Once injection of the peptide is stopped, the dissociation of the peptide from the lipid bilayer can be followed by monitoring the decrease in the refractive index on the surface of the L1 sensor chip (Fig. 5B) (Cooper et al., 2000; Henriques et al., 2008 Henriques et al., , 2012 van der Merwe, 2001 ). The advantages of SPR are that the experiments allow for sensitive, automated, semi high-throughput screening of peptides binding to lipid bilayers. Additionally, the peptides do not require prior labeling, and SPR allows for the quantification of affinity and kinetic rates in peptideelipid bilayer binding. Some disadvantages of this method however include firstly, that SPR does not give information on the orientation of the peptide toxins in relation to the lipid bilayers. Secondly, the kinetic experiments are lengthy, and available instruments only allow the study of a few peptides at a time during affinity assays making the process semi high-throughput. Furthermore, the cost of sensor chips, coupled with experience in our lab showing that some GMTs bind so strongly to the sensor chip that it is impossible to wash them off rendering the sensor chip nonreusable, limits the cost-effectiveness of the SPR technique.
Fluoro-spectrophotometric techniques
So far, all GMTs whose interactions with the lipid membrane have been studied contain one or more conserved Trp residues in their sequence (Fig. 1C) . As mentioned in section 2.1 and 2.2, the fluorescence emission properties of GMT Trp residues can be followed upon titration of the GMTs with LUVs (Fig. 5C ), or using quenchers of fluorescence emission to quantify the depth to which Trp residues on GMTs insert into lipid bilayers (Fig. 5D) (Henriques et al., 2009 (Henriques et al., , 2012 Lakowicz, 2006; Santos et al., 2003) . The advantages of the fluorescence techniques mentioned is that these methods provide for sensitive analysis of the peptide interactions with the model membranes allowing for the use of low concentrations of the samples. Furthermore, because of the intrinsic fluorescent properties of the Trp residues, there is no need to label the peptide for these experiments (Matos et al., 2010) . Some disadvantages are that GMTs typically contain more than one Trp residue and it is not possible to distinguish which Trp residue/s is/ are responsible for the observed spectral behavior without mutagenesis studies. Furthermore, the exact positioning of nonfluorescent amino acid residues in relation to model membranes cannot be monitored using these techniques.
Molecular dynamics
Molecular dynamics (MD), including atomistic and coarsegrained simulations, have been used to model the binding of GMTs to lipid bilayers (Bemporad et al., 2006; Deplazes et al., 2016; Henriques et al., 2016; Nishizawa, 2011; Nishizawa et al., 2015; Nishizawa and Nishizawa, 2006, 2007; Wee et al., 2007 Wee et al., , 2008 . MD studies have recently been used alongside experimental studies and have supported the findings that GMTs, which bind to model membranes are likely to have a shallow location at the membrane surface Henriques et al., 2016) . A limitation of MD studies is that unlike nanodiscs and liposomes that can be made from complex mixtures of lipids, simulation time constraints have so far, limited MD experiments to model membranes made from only one or two different phospholipids (Bemporad et al., 2006; Deplazes et al., 2016; Henriques et al., 2016; Nishizawa, 2011; Nishizawa et al., 2015; Nishizawa and Nishizawa, 2006, 2007; Wee et al., 2007 Wee et al., , 2008 . Furthermore, to date, no MD studies have examined all three components of the trimolecular complex simultaneously.
Nuclear magnetic resonance
NMR allows for the identification of specific amino acid residues that are involved in the interactions between peptides and model membranes by identifying changes in chemical shifts and in the intensities of resonances of the residues (Bieri et al., 2011; Jung et al., 2010; Lau et al., 2016; Nakanishi et al., 2002) . 1D 1 H NMR spectra have been used to study Hm-3, a Na V inhibitor, in its interaction with POPC and POPC/1,2-dioleoyl-snglycero-3-phosphoglycerol (DOPG) (3:1 M ratio) model membranes ( Fig. 5E ) (Berkut et al., 2015) . The intensities of the peaks in the amide region of Hm-3 decreased upon titration with model membranes and the authors correlated this to an increase in binding between the peptide and the model membranes (Berkut et al., 2015) . A disadvantage of this method however is that there was also a broadening of the peaks in the amide region of the 1D 1 H NMR spectrum of Hm-3 upon lipid titration, and this presents the possibility that rather than interacting with the membrane, the GMT could have been forming aggregates (Berkut et al., 2015; Kwan et al., 2011 (Fig. 5F ) (Jung et al., 2010; Nakanishi et al., 2002; Takahashi et al., 2000b) . The use of transferred cross-saturation enabled the examination of weak interactions between the peptide toxin and the model membrane, a feature which is beneficial to study the superficial relationship evident between GMTs and lipid membranes. However, this method cannot be used for lipid systems that would show stronger interactions with the peptide toxins because the validity of effective transferred cross-saturation from the lipids to the free peptide is dependent on the kinetics of the interaction and requires a fast dissociation rate (Jayalakshmi and Krishna, 2002; Jung et al., 2010; Nakanishi et al., 2002) . NMR chemical shift mapping was recently used to study VsTx-1 and its relationship with model membranes as well as interactions between the peptide toxin and the K V AP VSD stabilized by micelles (Lau et al., 2016) . Chemical shift mapping experiments allow for the identification of peptide toxin amino acid residues interacting with the target (e.g. model membrane or VSD) because the resonances from these residues are expected to show changes to their chemical shifts and intensities ( 
Cryo-electron microscopy
Cryo-EM involves the use of cryogenic temperatures to obtain images of biological structures using transmission emission microscopy (Fig. 5H) (Milne et al., 2013) . Several images of the structures in different orientations are obtained, and computational image processing and particle picking is applied to build a 3D model based on an average of the processed images (Milne et al., 2013) . A recent study has used cryo-EM to delineate the binding of DkTx to TRPV1, its target ion channel, embedded in a nanodisc (Gao et al., 2016) . DkTx is a bivalent GMT containing two ICK motifs joined with a seven amino acid long chain linker (Bohlen et al., 2010) . The cryo-EM model obtained from the study of DkTx showed the GMT interacting with phospholipids involved in the stabilization of the TRPV1 ion channel (Gao et al., 2016) . The use of cryo-EM has some disadvantages, including the requirement for highly specialized skills, expensive equipment, and an inability of this technique to follow the kinetics of peptideelipid interactions using a single sample. However, the study by Gao et al. (2016) , which was the first high-resolution depiction of the trimolecular complex including a GMT, a transmembrane protein and a model membrane in concert, highlights the potential benefits of using cryo-EM in the study of GMTelipid bilayer interactions in the future.
Conclusion
This review has examined the concept of a trimolecular relationship between GMTs extracted from spider venoms, voltagegated ion channels, and the lipid membrane. The studies thus far suggest that the lipid membrane acts to anchor and orient some GMTs for optimal interactions with voltage-gated ion channels and that the interactions between GMTs and the lipid membrane appear to be superficial and primarily electrostatic in nature (Agwa et al., 2017; Deplazes et al., 2016; Henriques et al., 2016; Jung et al., 2010; Lau et al., 2016; Lee and MacKinnon, 2004; Posokhov et al., 2007; Revell Phillips et al., 2005) . Furthermore, initial evidence suggests that increasing the interactions between these peptide toxins with the membrane can be exploited to optimize the inhibitory potency of the GMTs (Agwa et al., 2017; Henriques et al., 2016) .
A major drawback to the available information we have on the trimolecular complex is that most of the studies have examined GMTs and model membranes without the voltage-gated ion channels. However, evidence from recent studies showing VsTx-1 interacting with K V AP VSD stabilized in micelles, and the atomistic details of DkTx interacting with phospholipids that stabilize the TRPV1 ion channel embedded in nanodiscs represent evidence that we have the technology that will enable the study of each of the three components within the trimolecular complex concurrently in more physiologically valid model membranes (Gao et al., 2016; Lau et al., 2016) .
The trimolecular complex is an intriguing concept, which if proven to be existent and relevant, will contribute to a shift from the typical lock-and-key approach to drug design and allow for the consideration of the role of the lipid membrane in rational drug design.
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